Predictions of the impacts of climate change on the intensity, amount, and spatial and temporal variability of rainfall and temperature are required. The aim of this study was to assess the status of climate change and hydrological response to climate change for Gumara River sub-basin. Statistical Downscaling Model (SDSM 4.2) was used to downscale HadCM3A2a and HadCM3B2a predictors into finer scale resolution. To estimate the level of impact of climate change, climate change scenarios of precipitation and temperature were divided into four time windows of 25 years each from 2001 to 2099.
INTRODUCTION
Climate change associated with rising atmospheric concentrations of greenhouse gases has been recognized in the Earth's atmosphere and simulations of its possible future course suggest substantial potential consequences *Corresponding author. E-mail: andargmelke@gmail.com.
Author(s) agree that this article remain permanently open access under the terms of the Creativ e Commons Attribution License 4.0 International License for human societies and natural systems (Michael et al., 2004) . Intergovernmental Panel on Climate Change (IPCC, 2007) point out that water and its availability and quality will be the main pressures on, and issues for societies and the environment under climate change. Climate change has greater implication on water resources systems. Observational records and climate projections provide abundant evidence that freshwater resources are vulnerable and have the potential to be strongly impacted by climate change, with wide-ranging consequences for human societies and ecosystems (Bates et al., 2008) .
Predicting the impacts of climate change on the intensity, amount, and spatial and temporal variability of rainfall and its responses on stream flow regime are required for design and management of water resource systems (Boosik et al., 2007) . Climate change effects may include the magnitude and timing of runoff, the frequency and intensity of floods and droughts, rainfall patterns, extreme weather events, and the quality and quantity of water availability and these changes, in turn, influence the water supply system, power generation, sediment transport and deposition, and ecosystem conservation (Tao et al., 2007) .
Moreover, according to Chong-Yu (1999) the impacts of future climatic changes will be on changes in regional water availability. Such hydrologic changes will affect nearly every aspect of human well-being, from agricultural productivity and energy use to flood control, municipal and industrial water supply, and fish and wildlife management. The tremendous importance of water in both society and nature underscores the necessity of understanding how a change in global climate could affect regional water supplies.
The heavy reliance of the Ethiopian economy on rain fed subsistence agriculture makes it particularly vulnerable to hydrological variability (Dile et al., 2013) . Most climate change studies in Ethiopia have been done at River basin scale (Kim et al., 2008; Elshamy et al., 2008; Taye, 2010; Rizwan et al., 2010; Kigobe and Griensven, 2010) and results from these studies are highly aggregated and have little importance in informing the impact of climate change at smaller catchment scale. This research assesses the impact of climate change for Gumara River, one of the tributaries of the Lake Tanathe source of the Upper Blue Nile River, based on statistical downscaling model (SDSM) .
Gumara River and the Lake Tana are important for various socio-economic purposes. However, due to climate change and variability, the water level in the lake fluctuates. The study extended to understand the implications of climate change at the hydrology of Gumara River by applying a process-based hydrological model (ArcSWAT model) with finer temporal and spatial resolution and potentially provide valuable insight to decision makers, planners and stockholders on the local vulnerability of the Gumara River flows and the Lake Melke and Abegaz 9
Tana regarding future change in rainfall and temperature because of climate change.
MATERIALS AND METHODS

General
Gumara w atershed, drained by Gumara Rivers, is part of the Abay Basin and more particularly part of Lake Tana sub-basin w hich is situated on the North Eastern side of Lake Tana and contributes significant inflow s to the Lake Tana. The climate of the LakeTana sub-basin is dominated by tropical highland monsoon w ith most of its rainfall (70 to 90% of total rainfall) occurring betw een June and September (Dile et al., 2013) . The major rivers feeding the Lake Tana are Gilgel Abay, Gumara, Rib, and Megech. These Rivers contribute more than 93% of the flow . The gauged part of Gumara w atershed covers 1394 km 2 . The geographical location of the w atershed is betw een 11°34' 41.41" N and 11°56' 36" N latitude to 37°29' 30" E and 38°10' 58" E longitude. The elevation of the w atershed ranges from 1800 m.a.s.l. at the lake to 3704 m.a.s.l. at the highlands. Based on the data obtained from Ethiopian Meteorological Agency, the mean annual rainfall is 1528 mm w hile the maximum (minimum) temperature are 27.02°C(9.51°C) respectively ( Figure 1 ).
Land use land cover
The dominant land use of the w atershed is rain fed agriculture and cultivated land is in a various forms including intensively cultivated, cultivated land w ith scattered trees, cultivated land w ith trees and shrubs and seasonally cultivated lands. More than three quarter of all land in the w atershed has already been brought under cultivation. The major crops grow n in the w atershed are Teff, maize, Barley, Wheat and other cereals. Teff is the main staple food crop in the area. Bush or shrub land, grazing land, forest/w ood land and w etland/sw ap are other land cover types in the w atershed. Wetlands/sw amp areas are commonly existent on the low er banks of Rivers, mainly of River and near Lake Tana. As it can be show n in Figure 2 , the majority of the catchment is covered by crop land (cultivated), w hile the remaining are covered by leafy forests, shrubs, grasses and some are bar land and w et land.
Soil type of the study area
Soil data information as per FAO soil group is available at the Ministry of Water, Irrigation and Energy GIS department. The data w as compiled during master plan study of the Abay River basin. Based on the data acquired and as per FAO soil classification, the catchment is dominantly covered by haplic luvisols, eutric vertisols, eutric fluvison, eutric leptosols and chronic luvisols ( Figure 3 ). months cover largest percent of the total annual rainfall. While the remaining months, being from October to May low est rainfall. The mean annual rainfall and temperature of the area varies spatially from station to station. Based on the data obtained from Ethiopian Meteorological Agency, the mean annual rainfall is 1528 mm (1976 to 2005) at Debre Tabor station, 1288mm (1992 Tabor station, 1288mm ( -2008 at Woreta and 1279 Woreta and mm (1986 Woreta and -2005 
Clim ate of the study area
Hydrology
Gumara is one of the major Rivers w hich contributes significant amount of inflow to Lake Tana. For this reason, the Ethiopian ministry of w ater, Energy and Irrigation installed gauging station dow nstream of the River. The gauging station is located at 11°50' 0" N and 37°38' 0" E and measures daily instantaneous flow s of the River since 1959 and covers the area of 1394 km 2 . Based on the recorded flow data obtained from Ethiopian ministry of w ater, Energy and Irrigation, the average daily flow of the River is 34.12m3/s (1976 to 2005) .
Modeling approach
Climate change modeling approach
Global Circulation Model (GCM) derived scenarios of climate change w ere used for predicting the future climates of the study area based on criteria proposed by the Intergovernmental Panel on Climate Change (IPCC). There are different GCM outputs used for impact studies. Using the average outputs of different GCMs can minimize the uncertainties associated w ith each GCMs and can result in plausible future climates for impact studies (Lijalem, 2006) . How ever, as this study w as carried out w ithin a very short period of time, only the HadCM3 model w as selected for the impact study. The HadCM3 GCM output w as chosen since the model is w idely used for climate change impact assessment in the upper Blue Nile basin (Kim et al., 2008; Rizw an et al., 2010; Dile et al., 2013) , and the results of HadCM3 can be easily dow nscaled using SDSM (Dile et al., 2013) . In addition, HadCM3 has the ability to simulate for a period of thousand years, show ing little drift in its surface climate (Zulkarnain and Sobri, 2012) . A2a (medium-high) and B2a (medium-low ) scenarios w ere used for inter-comparison studies because the computing cost of all scenarios in GCM is too expensive.
GCMs are restricted in their use fullness for local impact studies by their coarse spatial resolution (typically of the order 50,000 km 2 ) and inability to resolve important sub-grid scale features such as clouds and topography (Wilby et al., 2001) . Statistical dow nscaling method (SDSM 4.2) w as used to relate large scale atmospheric variables (predictor) to local-scale surface w eather (predictands), that is, precipitation and maximum and minimum temperature for this study, based on multiple linear regression techniques .
According to Wilby and Daw son (2007) , statistical dow nscaling methods have several practical advantages over dynamical dow nscaling approaches in situations w here low -cost, rapid assessments of localized climate change impacts are required and it w as freely dow nloaded from http://w w w .sdsm.org.uk. Further, the SDSM is the first dow nscaling tool offered to the broader, less specialized climate change com-munity (that is, conservation authorities or private consulting companies). Comparisons betw een the SDSM and other statistical dow nscaling methods have demonstrated that the SDSM is a useful dow nscaling technique, capable of reproducing observed climatic variability. Numerous studies have also assessed the SDSM for dow nscaling GCM output to be used in many hydrological applications (Khan et al., 2006) .
The dow nscaling of GCMs data using SDSM w as done follow ing the procedures suggested by Wilby and Daw son (2007) . The required large scale predictor data that represents Gumara w atershed w ere freely dow nloaded from the African w indow using the nearest average location of Gumara w atershed from the w eb address of http://w w w .cccsn.ec.gc.ca/?page=pred-hadcm3. The predictor data files dow nloaded from the grid of interest consists of NCEP_1961-2001 NCEP_1961- , H3A2a_1961-2099 NCEP_1961- and H3B2a_1961-2099 . The predictand variables used w ere precipitation and maximum and minimum temperature obtained from the Ethiopian Meteorological Agency. Even though different w eather stations are found in and around Gumara w atershed, only the precipitation and maximum and minimum temperature at Debre Tabor station w ere used for dow nscaling since it has long-term and high-quality data. Moreover, since all stations in the drainage basin are located w ithin the same grid box, the climate projection results from Debre Tabor station w ere assumed to represent other stations in the drainage basin.
Quality control checks in SDSM w ere used to identify gross data errors, specification of missing data codes and outliers prior to model calibration. Screening of predictors w hich have high correlation w ith the observed precipitation, maximum and minimum temperature at Debre Tabor station w as done to select appropriate dow nscaling predictor variables for model calibration. The Conditional and unconditional processes w as specified before the analysis takes place. In case of daily temperature w here the predictand-predictor process is not regulated by intermediate process unconditional process w as used, w hereas for daily precipitation w here the amounts depend on the occurrence of w etday, the conditional process w as chosen. Significance value is used to test the significance of predictor-predictand correlations and it w as set as the default of (p<0.05 (5%).
The National Center for Environmental Prediction (NCEP_1961 to 2001) reanalysis data were used to calibrate and validate the SDSM model. The station data obtained from Ethiopian Meteorological Agency from 1986 to 1995 w ere used for calibration w hereas from 1996-2000 they w ere used for validation at a monthly model type in order to see the monthly temporal variations. Though, ensemble sizes of up to a maximum of 100 are possible, the default ensemble size (20) w as taken, and the mean of ensemble members w ere used even though individual ensemble members w ere equally plausible. The extent to w hich ensemble members differ depends on the relative significance of the deterministic and stochastic components of the regression models used for dow nscaling (Wilby and Daw son, 2007) .
The regression w eights produced during the calibration process w ere applied to the time series outputs of the GCM model based on the assumption that the predictor-predictand relationships under the current condition remain valid for future climate conditions. Tw enty ensembles of synthetic daily time series data w ere produced for each of the tw o SRES scenarios for a period of 139years (1961 to 2099) . Finally the mean of the ensembles for the specified period w ere produced for maximum and minimum temperature and precipitation. The period from 1976 to 2000 w ere considered as a base period against w hich comparisons w ere made for future periods (2001 to 2099). The future periods w ere divided into four time horizons from 2001 to 2025, 2026 to 2050, 2051 to 2075 and 2076 to 2099, and analyses w ere made for each time periods on seasonal and annual basis.
Bias correction w as adapted to compensate for any tendency to over-or under-estimate the mean of conditional processes by the dow nscaling model. Linear Scaling (LS) method w as adapted to correct the model errors due to its simplicity and the objective of the study mainly focuses on mean differences. Precipitation is typically corrected w ith a multiplier and temperature w ith an additive term on a monthly basis and the bias behavior of the model does not change w ith time that is, the transfer function is time independent and thus applicable in the future (Hagemann et al., 2011) .
Thus to obtain the bias corrected future precipitation and temperature, the climate signal (difference betw een future and baseline climates) w as first removed before the correction is adjusted. Then the future simulated results w ere added (temperature) and multiplied (precipitation) w ith the changing factor obtained in the baseline correction for each month. Then, initially removed climate signal is added back to create a bias corrected precipitation and temperature scenario for the future.
Hydrological m odeling approach
Soil w ater assessment tool (SWAT) model w as selected to assess the hydrological responses of climate change on Gumara catchment. SWAT is a River basin scale, continuous time, a spatially distributed model developed to predict the impact of land management practices on w ater, sediment and agricultural chemical yields in large complex w atersheds w ith varying soils, land use and management conditions over long period of time. The model can be used to simulate a single w atershed or a system of multiple hydrologically connected w atersheds (Neitsch et al., 2009) .
The main reasons for the selection of SWAT model for this study w as due to the model's moderate input data requirement, ability to simulate the major hydrological processes and its availability. The model is physically based, spatially distributed, and belongs to the public domain. SWAT can also simulates hydrological outputs based on a changed climate if the changes in the climate parameters are given as an input to the model. Moreover, SWAT has previously been applied in the highlands of Ethiopia and has given satisfactory results in the Lake Tana basin and upper Blue Nile basin of Ethiopia Easton et al., 2010; Betrie et al., 2011) .
The first step in SWAT simulation process is delineating the w atershed. Gumara w atershed w as delineated based on the automatic procedure using 30m digital elevation models (DEM) data into sixteen hydrologically connected sub-w atersheds for use in w atershed modeling and the final outlets found at the gauging station w as used for comparison of measured and predicted flow s. After w atershed delineation of Gumara w atershed w as completed, the Hydrologic Response Units (HRU) w ere defined in ArcSWAT by overlaying soils, land use and slope classes. Hydrologic Response Units (HRU) HRUs are lumped land areas w ithin the sub-basin that are comprised of unique land cover, soil, and management combinations that enables the model to reflect differences in evapotranspiration and other hydrologic conditions for different land covers/crops and soils w hich increases (Neitsch et al., 2009 ) the accuracy of load predictions and provides a much better physical description of the w ater balance.
SWAT requires daily values of precipitation, maximum and minimum temperature, solar radiation, relative humidity and w ind speed. The w eather data collected from seven stations in the study area have; how ever, missing data. Among the seven stations, daily rainfall, temperature, w ind speed, solar radiation and relative humidity data, from three stations namely Bahir Dar, Woreta and Debre Tabor w eather stations w ere used as an input to calculate statistical monthly w eather generator parameters w hich are calculated by Weather parameter calculator program. Using thus three stations the SWAT model generates representative w eather variables for Gumara w atershed and fills the missed values. Surface runoff w as estimated using Soil Conservation Service (SCS) curve number method (USDA-SCS, 1972) and Penman-Monteith method w as applied for Gumara w atershed to estimate potential evapotranspiration. SWAT simulates the runoff for each HRU. Tw o options are available to route the flow in the channel netw orks; the variable storage and Muskingum methods. Both are variations of the kinematic w ave model. The variable storage method uses a simple continuity equation in routing the storage volume, w hereas the Muskingum routing method models the storage volume in a channel length as a combination of w edge and prism storages. For this study variable storage method w as selected to rout the flow of w ater in the channel.
The sensitivity analysis w as undertaken by using a built-in tool in SWAT that uses the Latin Hypercube One-factor-At-a-Time (LH-OAT) design method to minimize the number of parameters to be used in the calibration step and select the most sensitive parameters largely controlling the behavior of the simulated process. After running the sensitivity analysis, the mean relative sensitivity (MRS) of the parameters w ere used to rank the parameters, and their category of sensitivity w ere also defined based on the Lenhart et al. (2002) classification that is, small to negligible (0≤MRS<0.05), medium (0.05≤MRS<0.2), high (0.20≤MRS<1.0), and very high (MRS≥1.0). Based on these classifications, sensitive parameters w ith mean relative sensitivity value of medium to very high w ere selected for calibration of the simulated flow s for Gumara River.
The daily River flow s at Gumara River gauge station obtained from Ethiopian Ministry of Water, Energy and Irrigation w ere used for calibration and validation of the simulated flow s and climate change impact analysis. Measured Stream flow s at Gumara River gage station from 1991 to 2000, w ere used for calibration of SWAT model including the first tw o years w arm up period. Refsgaard and Storm (1996) distinguished three types of calibration methods: the manual trial-and-error method, automatic or numerical parameter optimization method; and a combination of both methods. According to Refsgaard and Storm (1996) the first method is the most common, and especially recommended for the application of more complicated models in w hich a good graphical representation is a prerequisite. Automatic calibration on the other hand relies heavily on the optimization algorithm and the specified objective function (Gan, 1988) in w hich only few optimized parameters may be used for calibration.
For this study, SWAT model w as calibrated manually by adjusting sensitive parameters that affect surface runoff w hich w ere identified during sensitivity analysis until a satisfactory objective function w as achieved (that is, percent difference (D) < 15%, correlation coefficient (R²) > 0.6 and sutcliffe simulation efficiency (ENS) > 0.5). Validation w as done w ith an independent data set w ithout making further adjustments of the calibration parameters. Model validation confirmed the applicability of the w atershed-based hydrologic parameters derived during the calibration process. Measured Stream flow s at Gumara River gage station from 2001-2005 w ere used for the validation process to evaluate the model accuracy.
RESULTS
SDSM calibration and validation
The calibration was done at a monthly model type in order to see the monthly temporal variations. Monthly precipitation, maximum temperature, and minimum temperature values were generated based on the selected predictor variables of the NCEP data (Table 1 ). The first step in the downscaling procedure using SDSM was to establish the empirical relationships between the predictand variables (minimum temperature, maximum temperature, and precipitation) collected from stations and the predictor variables obtained from the NCEP reanalysis data for the current climate. It involves the identification of appropriate predictor variables that have strong correlation with the predicted variable. Predictors Table 1 . List of predictor variables that have better spatial and temporal correlation w ith the predictands at Debre Tabor station at significant level of less than 0.05(p<0.05).
Predictands
Predictors ( The partial correlation coefficient (r) shows the explanatory power that is specific to each predictor. Al l are significant at p = 0.05, hpais a unit of pressure, 1 hPa = 1 mbar = 100 Pa = 0.1 kPa. with better spatial and temporal correlations are shown in Table 1 . The calibration and validation results of the SDSM showed that the downscaled NCEP precipitation, maximum and minimum temperature have good agreements with the observed values at Debre Tabor station before bias correction as shown in the Table 2 . Due to the conditional process (dependent on other intermediate processes like on the occurrence of humidity, cloud cover, and/or wet-days) and high spatial variability of precipitation, the calibration and validation results are comparatively less than the maximum and minimum temperature (Lijalem, 2006; Habtom, 2009; Dile et al., 2013) . However, for this study a good agreement between generated and observed precipitation was resulted (Table 2 ) and this might be due to less spatial variability of precipitation on Gumara watershed. Hence the SDSM model resulted in satisfactory multiple regression equation parameters for precipitation, maximum and minimum temperature. Thus, it may be inferred that the SDSM model is able to generate weather variables which resembles the observed values at the station level and able to generate future scenarios under a given emission scenarios using the assumptions that the predictand-predictor relationship under the present condition are also valid for the future. Even though the correlation results showed good agreements before bias correction, the SDSM model over estimates in some months and under estimate in some other months. To compensate for any tendency to over-or under-estimate the mean of conditional processes by the downscaling model, bias correction was applied and it perfectly matches the observed predicts and with generated values.
The calibrated model was used to generate ensemble members of synthetic daily weather series giving daily atmospheric predictor variables from the HadCM3 A2a and B2a scenarios. The regression weights produced during the calibration process were applied to the time series outputs of the GCM model based on the assumption that the predictor-predictand relationships under the current condition remain valid for future climate conditions.
Climate change projections for the future periods
Maximum temperature
The results of the statistical downscaling model on annual bases for mean maximum temperature showed 
Minimum temperature
Similar to maximum temperature, seasonal variation of minimum temperature due to climate change does not show clear trends. For A2a scenario, seasonal minimum temperature for the future period increases by a maximum of 1. 05°C (2076 to 2099) (MAM) season while for B2a scenario it increases by a maximum of 0.72°C and decreases by 0.59°C within the same time horizon (2076 to 2099) and season (Belg) as that of A2a scenario. Regarding to the annual temperature, the minimum temperature indicates very minor changes due to climate changes for both A2a and B2a scenario as shown in the Figure 5a and b. Thus, it can be concluded that climate change causes high seasonal variation (increase and decrease) of maximum and minimum temperature in four different time horizons while annually the impact shows clear increasing trend.
Precipitation
As it can be seen from the Figure 6a and 
SWAT hydrological modelling
SWAT sensitivity analysis
In SWAT hydrological modeling, identifying the most sensitive parameter that highly influences the surface runoff and ground water flows, calibration and validation of SWAT model applicability and simulating the hydrological responses of Gumara catchment under present and future climatic variables were discussed. Among twenty six parameters used for the sensitivity analysis, only 8 of them revealed meaningful effect on the monthly flow simulation of the Gumara River. Curve number (CNII), available water capacity (SOL_AWC), Channel effective hydraulic conductivity (CH_K2), and soil evaporation compensation factor (ESCO) were relatively high sensitive parameters that significantly affect surface runoff while the threshold water depth in shallow aquifer for flow (GWQMN), base flow Alpha factor (ALPHA_BF), Groundwater delay (GW_DELAY) Table 3 . 
SWAT calibration and validation outputs
The calibration and validation results (Figure 7a and b) showed that there is a good agreement between the simulated and measured monthly flows. Percent of errors of the observed and simulated monthly flows at Gumara gauge station during the calibration and validation are 1.2 and 6.63% respectively which are well within the acceptable range of ±15%. Further a good agreement between observed and simulated monthly flows are shown by the coefficient of determinations (R 2 =0.9) and the Nash-Suttcliffe simulation efficiency (E NS =0.89) in the calibration period and R 2 =0.89 and E NS =0.86 during the validation period. Thus, all the model evaluation criteria fulfilled the requirements suggested by Santhi et al. (2001) for R² >0.6 and E NS > 0.5. Hence, the set of optimized parameters used during calibration process can be taken as the representative set of parameter to explain the hydrologic characteristic of the Gumara watershed and further simulations using SWAT model can be carried out by using these parameters for any period of time. Thus, SWAT model was rerun to simulate the hydrological responses of Gumara catchment due to climate change using the predicted future precipitation and temperature as an input and keeping other climatic and land use changes constant.
From the calibration and validation results, it may be deduced that the model represents the hydrological characteristics of the watershed and can be used for further analysis.
Climate change impact on Gumara river flow
Stream flows largely depend on the amount of precipitation falling on the catchment, and the amount of evapotranspiration released from that catchment. The change in the amount of precipitation, minimum and maximum temperature due to climate change obvious ly changes Gumara River flow volumes. Since the main objective of this study is to get an indicative possible effect of climate change on the stream flow assuming changes only in the two main drivers (Temperature and precipitation), other climate variables such as wind speed, solar radiation, and relative humidity and nonclimatic variables (that is, land use changes) were assumed constant throughout the future simulation periods which are not possible in actual case.
The impact of climate change on stream flow was predicted based on conditional temperature and rainfall changes on seasonal and annual basis. The average annual total flow volume for the future four time horizons showed an increasing trend (Figure 8) for both A2a and B2a scenarios as compared to the base period in which the flow volume increases from 13.04% (2001 to 2025) to 17.8% (2076 to 2099) for A2a scenario and for B2a scenario the increment ranges between 12. 13% (2001 to 2025) and 17.5% (2076 to 2099) . Increase in average total annual flow volume is observed for the periods which show a corresponding increase in mean annual precipitation (Figure 7) , and the results of this study confirmed the previous researches (Beyene et al., 2010; Dile et al., 2013) .
Seasonally, the highest increment is shown in Belg season (MAM) in which the flow volume increases from 130.33 (2051 to 2075) to 144.65% (2026 to 2050) for A2a scenario and from 87.76 (2076 to 2099) to 101.58% (2001 to 2025) for B2a scenario. Significant changes of average total flow volume were also found in Kiremit (JJAS) season in which the flow volume increases from 61.6 (2051 to 2075) to 65.33% (2076 to 2099) for A2a scenario and for B2a scenario the increment ranges between 57.2 (2026 to 2050) and 65.5% (2076 to 2099). In Bega season, the average total flow volume decreases between 8.8 (2051 to 2075) and 12.6% (2026 to 2050) for A2a scenario and for B2a scenario it decreases between 4.7 (2076 to 2099) and 13% (2001 to 2025) . The decrease in flow volume in Bega season also corresponds to the decrease in precipitation and this may -2025 2026-2050 2051-2075 2076-2099 causes water shortage problems.
DISCUSSION
Understanding the problem is part of the solution and predicting the level of climate change impact on water resources is a prerequisite for planners, decision makers and concerned bodies to reduce prevent and/or to find the possible adaptation measures. Hence, the impact of climate change on Gumara River was carried out to address part of the global problem by showing the possible indicative predictions of climate changes.
The study predicted the conditional impact of rainfall and temperature changes on the hydrology of the Gumara catchment using the HadCM3 GCM A2a and B2a climatic scenarios for the 2001 to 2099 periods. We applied the SDSM statistical downscaling tool to evaluate the GCM outputs. The SWAT model was used to study the consequences of climate change on the hydrology of Gumara catchment. We believe that results presented in this research are representative for a majority of GCM output and therefore our results are plausible estimates of future effects of climate change.
The study confirmed that the Statistical downscaling Model (SDSM) is able to simulate climatic events. The calibration and validation results of SDSM showed that the model is able to simulate the climatic variables (precipitation and temperature) which follow the same trend with the observed one. Even though, the precipitation is a conditional process and high special variability, the overall result from SDSM is well correlated with the observed precipitations. Hence, SDSM can predict the future climatic events under changing conditions based on the assumption that the predictorpredictand relationships under the current condition remain valid for future climate conditions. On seasonal basis, precipitation and temperature do not show systematic trends for both A2a and B2a scenarios that is, precipitation and temperature increases some season and decreases in some other season. On seasonal basis, the increment of maximum temperature reaches up to 1.74°C (2076 to 2099) in Kiremit (JJAS) season and the maximum reduction reaches 1.26°C in Belg (MAM) season for A2a scenario. For B2a scenario, the maximum mean seasonal increment of maximum temperature reaches up to 1.05°C (2076 to 2099) in Kiremit (JJAS) season and the maximum reduction reaches up to 0.62°C Kiremit (JJAS) season. This implies that seasonal precipitation and temperature will be highly fluctuated due to climate change for the future period and these variations in turn have great impacts on the variation of hydrological responses of Gumara catchment. On the annual basis, both temperature and precipitation shows systematic increasing trend for A2a and B2a scenarios for the future period. Our temperature projection results an increase in mean annual temperature up to 1.01°C (2076 to 2099) for A2a emission scenarios and 0.77°C (2076 to 2099) for B2a scenarios. The annual increment is not worth for both scenarios based on IPCC-TGICA (2007) in which the globally averaged surface air temperature is projected to warm 1.4°C to 5.8°C by 2100. The SDSM precipitation weather generation satisfactorily replicates the observed precipitation (Table  2) . This suggests that SDSM may perform well in simulating the future climatic condition of the study area. As in any type of modeling study the results have to be judged against uncertainties. Even if we cannot quantify these uncertainties in this study it is well known that uncertainty increases along the sequence temperatureprecipitation-runoff. Consequently, results have to be viewed in this perspective.
On the other hand, similarity in results with other studies using other approaches corroborates results. In any case, percentage changes' of different hydrometeorological quantities as in this study should not be seen as facts but instead as an indication of possible future outcomes with a high degree of uncertainty. In view of the above, the SDSM downscaling indicates that annual precipitation increases up to 13.7% (2076 to 2099) for A2a scenario and 13.72% (2076 to 2099) for A2a scenario. The results of this study was thus in line with the previous researches done on Tana basin, and upper Blue Nile basin (Kim et al., 2008; Taye, 2010) . Moreover, researches done by UNFCCC (2007), Siri Eriksen et al. (2008) and Bates et al. (2008) showed that annual mean rainfall increases over parts of Eastern Africa due to climate change.
Seasonally, the precipitation increases (in Belg and Kiremit season) up to a maximum of 59.33% (2026 to 2050) for A2a scenario and 56.6% (2026 to 2050) for B2a scenario and decreases (Bega) by 43% (2001 to 2025) and 41.2% (2001 to 2025) for A2a and B2a scenarios respectively. Beyene et al. (2010) , Rizwan et al. (2010) and Dile et al. (2013) on upper Blue Nile basin also showed increasing trends in Kiremit Season. The increment of precipitation in Belg and Kiremit season may have positive implications since these two seasons are the cropping season in Ethiopia.
The results of the hydrological model calibration and validation indicate that SWAT model is able to accurately explain the hydrological characteristic of Gumara watershed. The statistics of the model performance criteria
(Nash-Sutcliffe model efficiency (ENS), coefficient of determination (R²) and percentage deviation of simulated mean from measured one (D)) indicates that monthly simulated flow by SWAT corresponded very well with the measured values at Gumara River gauge station.
Following to the calibration and validation, the SWAT model was re-run using the downscaled precipitation and maximum and minimum temperature to predict the impact of climate changes on the hydrology of Gumara River. Results show that average seasonal and annual inflow volume changes mainly corresponding to the change in precipitation. Average Seasonal flow volume increases in Belg and Kiremit seasons and the increment is more significant in Belg season (144.65% for A2a scenario and 101.58% for B2a scenario). Rizwan et al. (2010) also showed that the runoff increases in the future in the major rainy seasons (June-September) which causes the possibility of flood occurrences in the future due to the extreme runoff. This study also reveals the increment of runoff in Kiremit season in line with Rizwan et al. (2010) . Annually, the average flow volume showed an increasing trend in which the flow volume increases from 13.04% (2001 to 2025) to 17.8% (2076 to 2099) for A2a scenario and for B2a scenario the increment ranges between 12.13% (2001 to 2025) and 17.5% (2076 to 2099). As Gumara River is one of the tributary River feeding in to Lake Tana, any change in River flow is likely to affect the Lake. The increased runoff generally improves water supply reliability and contributes significant inflows into the Lake Tana. On the other hand there is a flood prone area in some parts of Gumara catchment near the shore of the lake. Thus, the increased runoff volume in Kiremit season my devastate flood damages and due consideration should be taken to prevent future flood hazards.
In conclusion, the hydrology of Gumara River is highly vulnerable to climate change which causes high temporal variation of flow volumes. This may need serious concerns for food security and water resource sustainability. Therefore, prevention and adaptation strategies in and around the Gumara catchment have to be developed so as to maintain sustainability of available water resources and to prevent extreme events. Generally, Results presented in this study can provide valuable insight to decision makers on the degree of vulnerability of Lake Tana Basin to climate change, which is important to design appropriate adaptation and mitigation strategies.
